The generation and analysis of mutants in zebrafish has been instrumental in defining the genetic regulation of vertebrate development, physiology, and disease. However, identifying the genetic changes that underlie mutant phenotypes remains a significant bottleneck in the analysis of mutants. Whole genome sequencing has recently emerged as a fast and efficient approach for identifying mutations in non-vertebrate model organisms. However, this approach has not been applied to zebrafish due to the complicating factors of having a large genome and lack of fully inbred lines. Here we provide a method for efficiently mapping and detecting mutations in zebrafish using these new parallel sequencing technologies. This method utilizes an extensive reference SNP database to define regions of homozygosity-by-descent by low coverage, whole genome sequencing of pooled DNA from only a limited number of mutant F2 fish. With this approach we mapped each of the five different zebrafish mutants we sequenced, identified likely causative nonsense mutations in two, and candidate mutations in the remainder. Furthermore, we provide evidence that one of the identified mutations, a nonsense mutation in bmp1a, underlies the welded mutant phenotype. 
ABSTRACT
The generation and analysis of mutants in zebrafish has been instrumental in defining the genetic regulation of vertebrate development, physiology, and disease. However, identifying the genetic changes that underlie mutant phenotypes remains a significant bottleneck in the analysis of mutants. Whole genome sequencing has recently emerged as a fast and efficient approach for identifying mutations in non-vertebrate model organisms. However, this approach has not been applied to zebrafish due to the complicating factors of having a large genome and lack of fully inbred lines. Here we provide a method for efficiently mapping and detecting mutations in zebrafish using these new parallel sequencing technologies. This method utilizes an extensive reference SNP database to define regions of homozygosity-by-descent by low coverage, whole genome sequencing of pooled DNA from only a limited number of mutant F2 fish. With this approach we mapped each of the five different zebrafish mutants we sequenced, identified likely causative nonsense mutations in two, and candidate mutations in the remainder. Furthermore, we provide evidence that one of the identified mutations, a nonsense mutation in bmp1a, underlies the welded mutant phenotype.
INTRODUCTION
A major strength of the zebrafish (Danio rerio) model is the feasibility of performing large-scale genetic screens as a means to isolate mutants to study gene function. Such forward genetic screens have led to the identification of a large collection of mutants defective in a variety of biological processes. The standard approach for identifying the responsible mutation underlying a mutant phenotype is to perform bulked segregant analysis with Simple Sequence Length Polymorphisms (SSLPs) (Geisler et al. 2007 ), followed by fine mapping using individual fish to define the region in which the mutation lies. Candidate genes within the mapped interval are then screened for the presence of mutations, typically by sequencing cDNA or genomic DNA. This approach is time and labor intensive, requiring large numbers of mutant fish and often years to successfully clone a mutant. To date this is a major limitation in zebrafish research, and large numbers of mutants have not yet been mapped or cloned.
Whole genome sequencing (WGS) has the potential to expedite the process of mutation detection in zebrafish. In Caenorhabditis elegans and Arabidopsis thaliana, multiple studies have shown that, by pooling from 10 to 500 recombinant progeny and sequencing to a relatively high depth, a linked region between 0.5 and 5 Mb in size as well as the responsible mutation can be identified (Austin et al. 2011; Cuperus et al. 2010; Doitsidou et al. 2010; Schneeberger et al. 2009; Uchida et al. 2011; Zuryn et al. 2010) . Similarly, WGS of individual mutant mice (Arnold et al. 2011) or human patients with genetic disorders (Sobreira et al. 2010 ) has led to the identification of causative mutations. However, in the case of mice and humans, prior knowledge of linkage was necessary to determine which of the many sequence variants identified in the genome were associated with the phenotype.
Mapping mutants by performing WGS has not yet been applied to zebrafish. One prohibitive factor had been the high cost of sequencing an entire zebrafish genome (~1.5 Gb, compared to 100 Mb for C. elegans and 120 Mb for A. thaliana). However, new sequencing platforms have increased the throughput of sequencing and reduced its cost, now making it practical to obtain low coverage sequence data of an entire zebrafish genome. A second prohibitive factor for applying WGS for mutation detection in zebrafish is the high level of inter-and intra-strain variation (Guryev et al. 2006; Bradley et al. 2007; Coe et al. 2009; Stickney et al. 2002) and the absence of a wellannotated catalog of natural variation; consequently, this makes it more difficult to determine whether a novel homozygous variant is a causative mutation or a low frequency single nucleotide polymorphism (SNP). This contrasts with the inbred organisms for which WGS has been successfully applied (Austin et al. 2011; Cuperus et al. 2010; Doitsidou et al. 2010; Schneeberger et al. 2009; Uchida et al. 2011; Zuryn et al. 2010) . Here, we describe the establishment of an extensive zebrafish SNP database.
Using this database in combination with low coverage (~3x) WGS, we developed a rapid and inexpensive method to efficiently map, and frequently clone, recessive mutations in zebrafish. Furthermore, the methodology described here can be used to identify genetic loci in other model organisms with larger and highly polymorphic genomes that have annotated genomes, such as rats, mice, dogs, chickens and other fish species.
MATERIALS AND METHODS
Zebrafish husbandry and strains. Zebrafish were raised and maintained as described (Nüsslein-Volhard and Dahm. 2002) 
Morpholino injections.
A morpholino directed against the translation initiation site of bmp1a (MO1) (Jasuja et al. 2006 ) was injected at a concentration of 0.3 mM into onecell stage Tü embryos. The phenotype was assessed at 3 dpf.
Genomic DNA library construction and Illumina sequencing. For each mutant or parental strain, genomic DNA from 20 adult fish was pooled (150-250 ng from each fish -also easily obtainable from larvae), and 3 to 5 µg were sheared to an average size of 200bp using Adaptive Focused Acoustics following the manufacture's protocol (Covaris, Inc). For 3 samples (wdd, sump, frnt), the shearing step was omitted, since the genomic DNA appeared degraded, with most fragments being less than 250bp in size as assessed by electrophoresis on a 4% agarose gel. To construct DNA libraries, the DNA fragments were blunt-ended, 5' phosphorylated, A-tailed, and ligated to adaptors as previously described (Bowen et al. 2011) , with the exception that adaptors did not have a 3bp barcode sequence, and the volume of AMPure XP beads used for purification was 1.4X rather than 3.0X. Phusion High-Fidelity DNA polymerase (Finnzymes) was then used to amplify 12 ul (30%) of each library, in a total of four 50ul PCR reactions, using the "post-capture" primers described in Bowen et al. (2011 
RESULTS

Sequencing libraries generated from pooled DNA
We performed WGS on five previously uncharacterized mutants isolated in an ENU mutagenesis screen for adult phenotypes (ZF-MODELS, Tübingen 2004). These recessive mutants, generated in the Tü background, were outcrossed to a polymorphic mapping strain (WIK or TLF) ( Figure S1 ); progeny from F1 intercrosses were phenotyped and frozen for analysis. We pooled DNA from 20 affected F2 fish from each mutant, mixing, when possible, individuals from several independent F1 intercrosses.
The F2 fish used often stemmed from either one or two parental (P0) crosses for a particular mutant thus limiting the total genomic variation within a pool. Whole genome sequencing was performed on genomic DNA libraries constructed from each mutant pool, resulting in between 60 and 83 million, 100 bp reads per library (Table 1) . We obtained between 2.6x and 4.1x coverage of the genome per mutant, after excluding 2%-9% of the reads that were potential PCR duplicates (reads with identical 5 prime end coordinates) and ~25% of reads that failed to map to unique locations in the reference genome (Zv9).
We also sequenced the genomes of four routinely used wild-type strains to establish a database of existing SNP variation. This information enabled us to predict the parental origin of SNP alleles in our mutant pools. were sequenced and 3.8x to 5.1x average genome coverage was obtained (Table S1 ).
Establishment of a reference SNP database
With low coverage sequencing of pooled DNA, it is challenging to distinguish true SNPs from sequencing errors as many variants are represented by only a single sequencing read. However, if the same variant is observed in more than one strain, it is more likely to be a real SNP than a sequencing error. Therefore, to enhance the accuracy of SNP detection we combined the WGS data from all wild-type strains and mutants, resulting in 50x genome coverage, and then selected only the variants that were present in at least 3 reads for inclusion in our SNP database (see methods for filtering criteria). Although variants present in only one or two reads in the combined data could also represent real SNPs, many are likely to represent sequencing errors or alignment artifacts and therefore were not included in the database.
In total, we identified a set of 7.6 million SNPs (http://www.fishyskeleton.com), which is substantially greater than the 0.7 million zebrafish SNPs currently annotated in publically available databases . Of the SNPs in public databases, 85% were detected in at least one read in our sequence data, and 45% had been included in our SNP database since they met all filtering criteria (such as being present in at least 3 reads).
Importantly, 7.3 million of the SNPs we identified were not previously annotated, thus vastly expanding our knowledge of genetic variation in zebrafish. Using the individual WGS data from pooled DNA for each mutant and wild-type strain, we were then able to classify each SNP within that sequence as being either heterogeneous (at least one read representing each SNP allele was observed) or homogeneous (all reads represented the same allele). In each pool, an average of ~2 heterogeneous and ~3
homogeneous SNPs were observed per kb of genomic sequence (Table S2) .
Identification of strain-specific diversity
To allow us to predict the parental origin of alleles in mutant pools, which facilitates mapping based on homozygosity-by-descent, we identified alleles that differed between parental strains. In the 7.6 million total SNPs identified, an alternate allele (with respect to the Zv9 reference genome, which is based on the Tü strain) was observed at 3-4 million sites in each wild-type line (Table S1 ). Consistent with previous reports noting a high degree of variation within each zebrafish strain (Guryev et al. 2006; Bradley et al. 2007; Coe et al. 2009; Stickney et al. 2002) , the vast majority of these sites were heterogeneous (i.e., had reads representing both the reference and alternate alleles) (Table S1 ). Thus, to identify SNPs that differed between lines, we selected SNPs at which all reads represented the reference allele in one line, while the other line had at least one read representing an alternate allele. When only the SNPs with sequence coverage in all six lines (5.2 million) were considered, any two lines differed at ~40% of loci ( Figure S2A ), which is in agreement with previous estimates of inter-strain diversity (Stickney et al. 2002) . The majority (72%) of SNPs were shared by at least 3 lines, while only 11% were unique to a single line ( Figure S2B ). For use in our mapping studies, we selected all sites at which alternate alleles were present in the strain used for outcrossing (TLF or WIK), but not in the strain used for mutagenesis (Tü). These alternate alleles were referred to as "mapping strain alleles" and consisted of 0.74 million and 1.2 million alleles for the TLF and WIK strains respectively ( Figure S2C,D) . In each mutant pool, these sites were analyzed for the presence or absence of the mapping strain allele (Table S2) .
Mapping mutants using homozygosity-by-descent
We next mapped each mutant based on homozygosity-by-descent. For each mutant pool, we scanned the WGS data for regions with two characteristics: having a reduced level of heterogeneity and a reduced level of SNPs originating from the outcrossed strain, relative to the genome-wide averages of these measures. To quantify these characteristics, we designed an algorithm that produced a "mapping score" using sliding windows throughout the genome (Figure 1 ). Since we expected a characteristic footprint to span at least 10 cM on either side of the causative mutation ( Figure S1 ), a window size of 20 cM, tiled at 0.25 cM intervals, was utilized. We based the window size on genetic distance (cM) rather than physical distance (Mb), to take local recombination rates into account. This makes the analysis more accurate in regions close to centromeres and telomeres. Once regions with high mapping scores were identified for a particular mutant, we independently tested linkage to these regions by the use of SSLP or SNP markers on DNA pools as well as in individual progeny (Table S3 ). In each of the five mutants analyzed, we confirmed that the region with the highest mapping score was linked to the mutation (Figure 1 ).
In some cases, other unlinked areas exhibited relatively high mapping scores.
We postulate that these regions represent haplotype blocks that were, by chance, shared by the two parental fish used for the initial mapping cross. We asked whether these shared haplotype blocks could have been predicted based on the WGS of the parental strains, but found that each block occurred in a region in which heterogeneous SNPs (and therefore more than one haplotype) were observed in each of the parental strains. Furthermore, these blocks occurred in different locations in each mutant analyzed. Thus, if multiple regions with a high mapping score are obtained, independent tests for linkage will be needed to distinguish shared haplotype blocks from the region linked to the causative mutation. The presence of multiple high mapping scores in the genome could also represent second site modifiers of the phenotype. These regions could then be analyzed for sequence variants that alter the expressivity of the mutant phenotype.
Our approach has two major differences from those previously used to map C. elegans and A. thaliana mutants (Austin et al. 2011; Cuperus et al. 2010; Doitsidou et al. 2010; Schneeberger et al. 2009; Uchida et al. 2011; Zuryn et al. 2010) . First, our analysis is based on genetic rather than physical distance. Second, we combine the levels of homogeneity and strain specific SNP signatures to map the locus. We find that this analytical method provides a robust and reliable means to correctly map the region linked to the mutation in zebrafish ( Figure S3 and S4).
The genetic architecture of linked regions
We further refined the linked interval by identifying an area of homogeneity within the broader region defined by our mapping algorithm. Since 20 fish were pooled for each mutant, we expected the region of homogeneity to span, on average, 2.5 cM on either side of the causative mutation (1 recombinant / 40 meioses). Because of the low resolution of the genetic map, we utilized 100 kb windows (rather than cM) to facilitate fine mapping of the interval. Assuming random sampling of alleles with only ~3x coverage, we expected and confirmed that linked regions containing 2 recombination events had an ~81% reduction in heterogeneity compared to unlinked regions, while regions containing 1 recombination event had a reduction in heterogeneity of ~90%
( Figure 2 and Figure S1 ). We found that regions without recombination events were almost, but not completely, homogeneous, likely due to false positive variants resulting from sequencing errors or alignment artifacts. Therefore, we defined a candidate region of homogeneity as having a reduction in heterogeneity greater than 90%. This approach allowed us to narrow down the candidate interval in each mutant to a region between 4
and 19 Mb in size (Table 1) .
Identifying candidate phenotype-causing mutations within linked intervals
One of the powerful aspects of WGS is that it provides a large amount of sequence information throughout the candidate interval allowing for the exclusion of much of the sequence in the interval as harboring the causative mutation. Additionally, the sequence allows the potential to identify the causative change. In the five mutants analyzed, between 76% and 92% of the coding sequence within the candidate interval was covered by at least 2 sequencing reads (Table 1) . We identified hundreds to thousands of homogeneous variants in each candidate interval, of which between 4 and 136 were predicted to be nonsynonymous. However, we could exclude most of these variants as being causative for the phenotype since we also observed them in the WGS from the other unaffected strains (Table 1) . In 2 of the 5 mutants we identified the likely causative mutation as a nonsynonymous change covered by at least 2 reads; these particular changes are predicted to encoded nonsense alleles. In the 3 other mutants, unique nonsynonymous changes covered by 2 or more reads were not detected, but between 7 and 22 nonsynonymous changes were present in sequences covered by one read (Table 1) . Further studies will be required to determine whether these single read variants represent sequencing errors, normal variation, or phenotype-causing mutations.
A benefit of having performed WGS is, apart from being able to map the mutation in all mutants analyzed and to identify candidate coding mutations, that over 87% of the coding sequence within the interval could be excluded because it did not differ from the reference dataset. A second benefit of having performed WGS is that homogeneous SNPs identified in the candidate interval can serve as markers to test for linkage in additional F2 fish, which will allow one to further refine the candidate interval (Figure 3 ). Thus we show that the nonsense mutation in bmp1a is the likely causative mutation underlying the wdd phenotype. With a causative mutation in hand, it is now possible to investigate the mechanistic basis of this skeletal phenotype.
Minimum genome coverage needed for mapping
Our analysis showed that ~3x genome coverage was sufficient to correctly map each mutant to a defined interval, to cover greater than 87% of coding sequence within the candidate interval, and to identify a manageable number of variants as being potential causative mutations. To determine whether lower genome coverage would be sufficient for mapping and mutation detection, we applied the same mapping algorithm to randomly selected subsets of the total sequence reads obtained for each mutant.
Utilizing only 5 million reads, which is equivalent to ~0.2x genome coverage, we could still reliably identify the linked regions ( Figure 4 and Figure S5 ). However, with 0.2x genome coverage, only 5% of coding sequence in the linked interval was covered by 2 or more reads, and 73% was not sequenced at all (Figure 4) . Thus, using this method, it is feasible to map multiple mutants simultaneously by barcoding ~14 mutant DNA libraries, and then sequencing a pool of these libraries on a single lane of an Illumina HiSeq apparatus. However, with this 'bulk mapping' approach it would be unlikely to identify the causative mutations using the generated sequence alone.
DISCUSSION
We show that recessive zebrafish mutations can be efficiently mapped and cloned using It is important to note that the detection of candidate mutations depends not only on the genome coverage obtained by WGS, but also on the quality and extent of the genome assembly that is used as a reference; in regions with poor genome assembly, lack of detection of a causative mutation will not be remedied by higher sequencing depth. Further improvements in assembly of the zebrafish genome, the SNP database, and in massively parallel sequencing will enhance the sensitivity and specificity of our mapping approach. At present, low coverage WGS using pooled DNA samples provides (1) The generation of fish used in mapping is accomplished by crossing identified mutants carrying a recessive ENU--induced mutation (*) within the Tü background, to a polymorphic mapping strain, (e.g., WIK). Mutant carriers (Tü*/WIK) of the F1 generation are then intercrossed to generate F2 progeny. These F2 fish are sorted based on the presence or absence of the mutant phenotype. (2) DNA is prepared from 20 F2 mutant progeny (Tü*/Tü*) and pooled in equal quantities. The diagram depicts the 40 chromosomes containing a phenotype--causing ENU--induced mutation (red asterisk) among the 20 mutant fish. The mutation is linked to genomic sequence originating from the Tü strain used for mutagenesis (grey fragments). Recombinants having sequence originating from the outcross strain (black fragments) can be observed at different distances from the causative mutation as a result of meiotic recombination during meiosis in the F1 generation. In a SNP located 10 cM from the causative mutation, we expect by definition, 4 of the 40 mutation--containing chromosomes to show a mapping strain allele (G in WIK; black square) as a result of meiotic recombination. ). In an unlinked region, where both alleles are equally represented (q = 0.5; p = 0.5), the probability of a SNP being detected as heterogeneous is 0.75. Likewise, in regions where 10% of the chromosomes are recombinant, as in our example, statistically 4 out of 40 (q = 0.1) reads would show the mapping--strain allele (G), while 36 out of 40 (p = 0.9) would show the reference allele (C; Tü). Thus the probability of detecting the SNP in a heterogeneous state is 0.27. Therefore, the number of heterogeneous SNPs identified in such a region is expected to be 64% lower than in an unlinked region (0.27/0.75 = 64%). Similarly, a 90% reduction in heterogeneity is expected for regions containing 1 recombinant chromosome, while a 25% reduction is expected for regions with 10 recombinant chromosomes. According to this analysis using low genome coverage, it would be of no added benefit to pool larger numbers of fish to increase the resolution of mapping. As the probability of detecting a single recombinant in, for example, 40 fish (80 chromosomes) would be lower than the level of detecting false positive heterogeneous SNPs and thus indistinguishable from noise. 
Figure S3
Mapping by combining both the frequency of heterogeneous SNPs and the frequency of mapping strain SNPs helps to eliminate false positives. Graphs show the comparison between the ratio of homogeneous to heterogeneous SNPs (red lines) to the ratio of reference genome alleles to mapping strain alleles (gray bars), for the five mutants analyzed (moto, frnt, hlw, wdd, sump) . Ratios were calculated for all 25 chromosomes using sliding windows of 20 cM in size, with an overlap of 19.75 cM between adjacent windows. Genetic distances were defined by the MGH meiotic map. The arrow indicates the linked region for each mutant. For three mutants (moto, frnt, wdd), both approaches independently predict the linked region as the region in the genome with the highest ratio. In the hlw and frnt mutants, other regions show the highest ratio of reference alleles to mapping strain alleles (arrowheads). These regions do not have a high ratio of homogeneous to heterogeneous SNPs. Similarly, for the sump mutant, region on Chr21 shows the highest ratio of homogeneous to heterogeneous SNPs, but this region does not have a high ratio of reference alleles to mapping strain alleles (arrowhead). Accordingly, these false positive regions would result in a lower mapping score in our combined analysis and thus would be ranked as less likely to be linked to the mutation.
Figure S4
The sensitivity and specificity of mapping is affected by the size of the window used to calculate the mapping score. Graphs showing the genome--wide mapping scores using a sliding window of 15 Mb in size for all mutants (above), or a sliding window of 3 Mb in size for wdd (below), rather than the 20 cM windows used in our analysis. When 15 Mb sliding windows are used, in only three of the five mutants (moto, frnt, sump) the linked region is contained within the window with the highest mapping score in the genome (red arrows). In hlw the linked region is contained within the peak with the third highest mapping score (red arrow). In wdd, the linked region is not detected by an increase in the mapping score (asterisk), because the linked interval on Chr8 spans only 4 Mb. When a 3 Mb window was used for wdd, which should be small enough to detect the linked region, a mapping score peak appears at the linked interval (red arrow), but it is only the 5 th highest peak.
Figure S5
Minimum coverage needed for efficient mapping of zebrafish mutants. Graphs depicting the genome--wide mapping scores calculated for each mutant in 20 cM sliding windows, using either only 5 million (top) or 1 million (bottom) randomly selected Illumina sequencing reads. The actual map positions for each mutant are indicated (red arrows). When 5 million reads are used, the mapping score plots are not significantly different from those generated using all reads (>60 million) (Figure 1 ). The only exception is that, for sump, the linked region has only the 2 nd highest mapping score. Even when only 1 million reads are used, in three mutants (moto, frnt, hlw) the linked region has the highest mapping score in the genome. For two other mutants (wdd, sump), the relative heights of the false positive peaks are significantly increased. an alternate allele was present in the TLF or WIK mapping strain, but not in the Tü strain (0.7 million and 1.2 million sites respectively); Mapping strain allele = at least one read representing the alternate allele was observed in a mutant pool; Reference genome allele = all reads in a mutant pool represented the reference genome allele. Note that the reference genome is based on the Tü strain. 
